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It has been proposed' that gene-regulatory circuits with virtua
any desired property can be constructed from networks n[qmple
regulatory elements. These properties, which include multistabil-
ity and escillations, have been found in specialized gene circuits
such as the bacteriophage A switch’ and the Cyanobacteria
ator’. However, these behaviours have not been

nents. Here we present the constru
switch—a synthetic, bistable
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possible with any set of promoters and repressors as long as (l\.
fulfil the minimum set of conditions described in ox 1 and Fig, 2

The bistability y inhibitory
arrangement of the repressor genes. In the absence of inducers, two
stable states are possible: one in which prometer | transcribes
repressor 2, and one in which promoter 2 transcribes repressor 1.
Switching is accomplished by transiently introducing an inducer of
the currently astive represser. The inducer permits the opposing
repressor to be maximally transcribed until it stably represses the

rises from the mut

onginally active prometer.
All toggle switches are implemented on E coli plasmids confer
ring ampicillin resistance and containing the pmwz ColEl repli-

cation origin, The toggl
plasmid, as shown in Fig,

switch genes are arranged as a type IV
Although all genes and promoters are

Box 1

Escherichia coli and provide a simple lhmn that predicts the
conditions necessary for bistability. The toggle is constructed
from any two repressible promoters arranged in a mutoally
inhibitory network. It is flipped between stable states using
transient chemical or thermal induction and exhibits a nearly
ideal switching threshold. As a practical device, the toggle switch
forms a synthetic, addressable cellular memory unit and has
implications for biotechnology, biscomputing and gene therapy.

The design and construction of synthetic gene regulatory net-
works would be greatly facilitated by a theory with predictive
capability. Previous work wsing a reconstituted enzy:
showed that nos

ear math

5 can predic
wviours of biochemical reaction m(m\r}a,l including mnlmnhmr;
and hysteresis. However, a practical theory of gene-regulatory
networks has Ly F enzyme regulatory networks.
A variety of phy: ical approaches, including
logi discrete) + nenlinear'™ ', statistical
mechanical™" and stochastic formulations of the underlying
biochemical dynamics, have heen used in the past, Owing to the
difficulty of testing their predictions, these theories have net, in
general, been verified experimentally. Here we have integrated
theory and experiment by constructing and testing a synthetic,
bistable gene circuit based en the predictions of a simple mathe-
marical model

The toggle switeh s composed of two re
conatitutive promaters (Fig. 1). Fach premoter is inhibited by the
repressor that is transeribed by the opposing promorer, We selected
this design for the toggle switch because it requires the fewest genes
and cis-regulatory elements to achieve robust bistable behaviour. By
robsust, we mean that the toggle exhibits bistability over a wide range
of parameter values and that the two states are tolerant of the
fluctuations inherent in gene expression (the toggle switch will not
flip randomly between statesh. Although bisability is theoretically
possible with a single, autocatalytic promoter, it would be loss

cssurs and twe

gz swakch design Reprassor 1 inhibits tranacription from Promater 1 and s

induced by Inducer 1. Repressar 2 inhitits transcripion from Promotar 2 and is inchuced
by Inchucer 2.
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The toggle model

The behanscur of the togole switch and the conditions for bestablity can
be undarstood using the olowng dimensicnkss model for Bhe network;
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whars u s tha concantration of rapressor 1, vis tha concaniration of
reprassr 2, o is the effectve rata of synthasis of repressor 1, ap istha
effective rate of syntnesis of represscr 2, |s the cocperatiity of
reprassion of promoter 2 end ks tha cooparatidty of rpresson of

promatert. abioche
formulstion af gana expressicr™ . Tharinal form cithetogale squatans
presarE t tundamental 15 of the network:

repression of constitulively transcrbed prometens he frst berm in each
equation], and degraciakiendiubion of the sepressors {Ihe second tammin
20 quaion],

The paramelers o, and o e lurped parsmeters thal descrioe the
i affert of AMA polymarass binding, opan-complax b'mahcr'
transcript ekongation, Iranscriol lerminaton, repressor HRGing, ibosemes
birding and petypeptide dongation, The coaperativity described by §
and y can anse from the mutmerization of the reoressor protens and the
cooparaiive binding of rapressor mutimers to muliple cparstor sites in
tha promoter. Ain ancitionsl modification to equation (1his neaded to
describe induction of the reprassars (Fig. 5)

The geomatric stucture of equation {1), dkustreted in Fig. 2a end b,
revass the ongin of e bistabiity: the nulicines jduid = 0 and dvid! = 0
inFig. 2) intersact at three painks, producing cne unsteble and two stable
steady stalas. From Fig. 2a and b, thres kay features of the system
become apparent. First, e nulcines intersect three limes because of
their sigmoidal shape, which arises for 8, y = 1, Trus, Ihe bistabilty of he
system depends on thecooperative repression of transciption, Second,
therates of syinesis of he bwo repressors must be balarced, Ifhe rales
s ot befaneed, the nuldines will mbersact oaly nos, producing &
single stenk steady stats Thﬁsiuaxtx'dnscs\n uasmc uIKE105 Third,

chion, Thus,
a toggle with aninitial condtion amwhare abowe the separatr wil
utimatey satile fo state 1, whereas & loggle startng below the separatrix
will settla to statn 2.

The conditions for a bistalla topgle network ara ilustrated in Fg, 2o
&nd d. A= tha rates of repressar synthesiz ars increasad, the sizs of the
tha bidurcation ines,
farlarge s, 8nd s, are delermined by § and . Thus, locblan bistabitty,
atleast cne of the inhibilors must repress expression with cooperataity
gireater than ane. Moreover, higher arder conperativity wil incragse the
reiusiness of the system, alowing weaker promoters (o achicve
bistabilty and producing 2 broarder bistabie region




Design goal and rationale

Goal: to integrate theory and experiment by constructing and testing a
synthetic, bistable gene circuit based on the predictions of a simple
mathematical model.

Build a system requiring the fewest genes and cis-regulatory elements
to achieve robust bistable behavior.

Robust means:
— the toggle exhibits bistability over a wide range
— of parameter values

— the two states are tolerant of fluctuations inherent in gene
expression (i.e. the toggle switch will not flip randomly between
states)



Toggle switch design (Fig. 1)
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* Repressor 1 inhibits transcription from Promoter 1 and is induced by Inducer 1.

* Repressor 2 inhibits transcription from Promoter 2 and is induced by Inducer 2.



The toggle switch plasmid (Fig. 3)
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Figure 3 The toggle switch plasmid. Promoters are marked by solid rectangles with
arrowheads. Genes are denoted with solid rectangles. Ribosome binding sites and
terminators (T1T2) are denoted by outlined boxes. Different P1 promoters, RBS1
ribosome binding sites, and/or R1 repressors, are used for the various toggle
switches. Plasmid types Izlll, used in the construction and testing of the toggle
components, are described in the Supplementary Information.



Modeling equations (Box 1)

u = concentration of repressor 1

du o v = concentration of repressor 2
& T4
o, O, rate of synthesis of repressor or
dv/ o reporter gene; modified by changing
— N downstream ribosome binding site (RBS)
a1+ u

B cooperativity of repressor of promoter 1
y cooperativity of repressor of promoter 2



Stability (Fig. 2)

Bistable System Monostable System

a b
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Figure 2 Geometric structure of the toggle equations. a, A bistable toggle network with
balanced promoter strengths. b, A monostable toggle network with imbalanced promoter
strengths.



Bistable Parameter Space (Fig. 2)
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¢, The bistable region. The lines mark the transition (bifurcation) between
bistability and monostability. The slopes of the bifurcation lines are determined by the
exponents 8 and - for large «; and e, d, Reducing the cooperativity of repression (8 and
~) reduces the size of the bistable region. Bifurcation lines are illustrated for three different
values of 8 and +. The bistable region lies inside of each pair of curves.



Plasmids

Class | Promoter 1 (P1)

Repressor 1 (R1)

Promoter 2 | Repressor 2

PTAK | P;slcon

clts

Ptrc-2 lacl

pIKE | P tetO-1

tetR

Ptrc-2 lacl

HIGH state = transcription from Ptrc-2 + repression of P1 + GFP

LOW state = transcription from P1 + repression of Ptrc-2

Switch between states

(aTc) pulse

Class High to Low Low to High
PTAK thermal pulse Isopropyl- B-
thiogalactopyranoside (IPTG)
PIKE Anhydrotetracycline IPTG pulse




Plasmids
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Demonstration of
bistabllity (Fig. 4)

Demonstration of bistability. The grey
shading indicates periods of chemical or
thermal induction. The lines in a and b, which
are approximations of the switching
dynamics, are included for clarity. a, pTAK
toggle plasmids and controls. b, pIKE toggle
plasmids and controls. ¢, demonstration of
the long-term stability of the separate
expression states in pTAK117.



Toggle switch induction
threshold (Fig. 5a)
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Figure 5 Toggle switch induction threshold. a, Steady-state gene expression after 17-h
induction. The pTAK117 toggle plasmid (red circles) exhibits a quasi-discontinuous jump
to the high state whereas the pTAK102 control plasmid (blue triangles) exhibits a
sigmoidal induction curve. Point 1 is taken from separate experiments measuring the high
state of pTAK117 with no inducer. Points 3a and 3b are the high and low modes of a
bimodally distributed cell population. The bimodality occurs due to natural fluctuations in
gene expression and the close proximity of the toggle switch to its bifurcation point.
Theoretical curves are calculated from equation (1) with the term /(1 + [IPTG]/K)",
where Kis the dissociation constant of IPTG from LacR and x is the cooperativity of IPTG
binding, replacing v in the denominator of equation (1b). The red curves show the stable
steady states and the orange curve shows the unstable steady state of the toggle. The blue
curve shows the steady state of the IPTG-inducible control plasmid. Model parameters for
the theoretical curves are o, = 156.25, a, = 15.6, 8 = 2.5,y =1, n = 2.0015,
K = 2.9618 x 10~ °. b, Fraction of toggle cells in the high state at various concen-
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Toggle switch induction threshold (Fig. 5b)
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K = 2.9618 x 10~>. b, Fraction of toggle cells in the high state at various concen-
trations of IPTG. The sudden switching to the high state is more clearly visible. High and
low cell populations were divided as described for ¢ below. ¢, Scatter plots (left plots) and



Toggle switch induction threshold (Fig. 5c)
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low cell populations were divided as described for ¢ below. ¢, Scatter plots (left plots) and
histograms (right plots) illustrating the condition of the toggle cells at points 2, 3 and 4 (of
a) near the bifurcation point. High-state and low-state cell populations are divided by the
red line in the scatter plots. The two states of the toggle are clearly evident in the bimodally

distributed cells (point 3).



PTAK117 switching time (Fig.6)
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Figure 6 pTAK117 switching time. a, b, The fraction of cells in the high state is plotted as
a function of the induction time. Cells were divided between high and low states as in Fig.
5¢. ¢, Switching of pTAK117 cells from the low to the high state by IPTG induction. The cell
population is illustrated at four time points. Cells begin switching between 3 and 4 h as
shown by the appearance of a bimodal distribution. The switching is complete by 6 h.



Fig. 1, supplement

P1 P1 Ptre-2 P1
RBS1 RBS1 rbs E RBS1

GFPmut3

rbs E

GFPmut3/ lacl R1
GFPuv GFPmut3
Type | TT2 T2 TT2 T2 T1T2

Figure 1: Promoters are marked by solid rectangles with arrowheads. Genes are denoted with solid
rectangles. Ribosome binding sites and terminators (T Ts) are denoted by outlined boxes. The
Ptre-2 promoter with RBS-E and the lacl gene is used in all Type II and III plasmids.



Table 1, supplement

Plasmid Type P1 RBS1 RBS2 GFP Expression
Bare Promoters
pMKNT7a* I Ptrc-2 E — 732 £+ 108
pBAG102 [ PptetO-1 C — 5.5 £ 0.1
pBAG103 | PptetO-1 A — 660 £ 42
pBRT21.1* [ Pyslcon D — 9,390 + 840
pBRT21.1* I Ppslcon D 14,300 + 400
pBRT123 I Ppslcon G 387 £ 21
pBRT124 I Prslcon F S 972 £+ 43
pBRT125 I Pyslcon H — 159 + 3.2
lacI Repression
pTAK102 IT Pyslcon D — 36.0 + 3.8
pTAK103a I Pyslcon G — 137 + 8
cI Repression
pTAK106 I[II  Pyslcon D — 2.5+ 03
pTAK107 I[II  Pyslcon G — 2.0+ 0.1
tetR Repression
pIKE108 I[II  PptetO-1 A 5.8 £ 1.0
plKE110 [II  PptetO-1 C — 23+£02
Toggles
pTAK117 IV Pyslcon D B bistable
pTAK130 IV Pyslcon G B bistable
pTAK131 IV Pyslcon F B bistable
pTAK132 IV Ppslcon H B bistable
pIKE105 IV PptetO-1 A B monostable
pIKE107 IV PptetO-1 C B bistable

*Estimated from flow-cytometer assay of GFPuv-expressing promoters.
fGrown at 32°C.



Fig. 2, supplement

PAMI 35 10 —_ sD
Ptrc-2 CCATCEARTAACTGARATGAGC TATTGACAAT TAATCATCCGGCTCATATARTGTGTGEAATTETGAGCCEATAACARTTTCACACAGEE e
1
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Figure 2: Promoters and ribosome binding sites used to construct the toggle plasmids. a, Promoters.
The upstream limit of each promoter is marked by the indicated restriction site. Operator sites are
marked be a single underbracket. The initiation of transcription is denoted with arrows. SD denotes
the Shine-Dalgarno sequence. Mutations in the -10 sequence of Py slcon are indicated with lowercase
letters. b, Ribosome binding sites. Shine-Dalgarno sequences and start codons are in boldface.
Sequences are ranked in order of their translational efficiency (A = highest, G = lowest).



	Systems Biology Journal Club
	Design goal and rationale
	Toggle switch design (Fig. 1)
	The toggle switch plasmid (Fig. 3)
	Modeling equations (Box 1)
	Stability (Fig. 2)
	Plasmids
	Plasmids
	Demonstration of bistability (Fig. 4)
	Toggle switch induction threshold (Fig. 5a)
	Toggle switch induction threshold (Fig. 5b)
	Toggle switch induction threshold (Fig. 5c)
	pTAK117 switching time (Fig.6)
	Fig. 1, supplement
	Table 1, supplement
	Fig. 2, supplement

